Abstract The cancer stem cell hypothesis posits that tumors are derived from a single cancer-initiating cell with stem cell properties. The task of identifying and characterizing cancer-initiating cells with stem cell properties at the single cell level has proven technically difficult because of the scarcity of the cancer stem cells in the tissue of origin and the lack of specific markers for cancer stem cells. Here we show that a single LA7 cell, derived from rat mammary adenocarcinoma has: the ability to serially re-generate mammospheres in long-term non-adherent cultures, the differentiation potential to generate all the cell lineages of the mammary gland and branched duct-like structures that recapitulate morphologically and functionally the ductal-alveolar-like architecture of the mammary tree. The properties of self-renewal, extensive capacity for proliferation, multi-lineage differentiation and the tubular-like structure formation potential suggest that LA7 cells is a cancer stem model system to study the dynamics of tumor formation at the single cell level.
Introduction
Experimental evidence and clinical data suggest that adult stem cells may be the targets of mutations during adulthood (Bonnet and Dick 1997; Miyamoto et al. 2000; George et al. 2001; Reya et al. 2001) . Tumors derived from cancer stem cells contain a hierarchical population of cells in which only a small number of cells possess tumor initiating potential (''tumor initiating cell'') and the majority are differentiated cells. This indicates that tumor stem cells retain the normal stem cells properties of selfrenewing and differentiation potential.
The existence of adult stem cells in the mammary gland was demonstrated by showing that a functional mammary gland could be generated in immunodeficient mice by the transplantation of a single cell with stem cell properties Stingl et al. 2006) . The hypothesis that breast cancers arise from deregulation of stem cells is supported by the evidence that mammary tumors are frequently found to be clonal in origin (Going et al. 2001) . The existence of mammary cancer stem cells was recently demonstrated by showing that tumor-initiating cells, enriched for CD44
? CD24 low marker expression, when injected into NOD/scid mice, form morphologically heterogeneous tumors, similar to the tumors from which they were derived (Al-Hajj et al. 2003; Al-Hajj and Clarke 2004) . Long-term non-adherent cultures represent the most suitable method for growing and enriching for breast tumor-initiating cells (Ponti et al. 2005) . These cells, expanded in vitro in the form of mammospheres, expressed the cell surface antigen, CD44.
In the field of cancer stem cell biology, quantitative assays for single-cell isolation and analysis are essential to fully understand the tumorigenic properties and potential of cancer stem cells in solid tumors. The comprehensive characterization of the tumorigenic properties of cells with single-cell tumor formation potential depends on identifying and isolating single cancer-initiating cells. The task of identifying and characterizing a single cancer-initiating cell with stem cell properties has proven to be technically difficult because of the lack of universal and specific markers for cancer and somatic stem cells. In addition, cell lines have been of limited benefit in quantitative assays because cell lines usually do not recapitulate all aspects of the primary tumor.
In our laboratory we are using a mammary gland cancer stem cell model, based on LA7, polygonal cells that have the capacity to recapitulate certain aspects of mammary alveologenesis. The model was originated by Renato Dulbecco from an adenocarcinoma induced in rat (Sprague Dawley) by chemicals (Bennett et al. 1978; Dulbecco et al. 1979) . In this study our aim was to investigate whether a single LA7 cell had the ability to generate and propagate as mammospheres in long-term nonadherent cultures, differentiate into all the cell lineages of the mammary gland and generate branched duct-like structures that recapitulate morphologically and functionally the architecture of the mammary tree.
The property of self-renewal, extensive capacity for proliferation, multi-lineage differentiation potential and the ability to develop tubular-like structures in 3D cultures, strongly support that the LA7 cells are cancer stem cells (Zucchi et al. 2007 ). We propose that LA7 cells can be used both as a stem cell model system to study the dynamics of breast tumor genesis and to study certain aspects of normal mammary development.
Material and methods

Cell lines
The cell line LA7 is a clonal derivative of the RAMA-25 line, derived from a mammary adenocarcinoma induced in a rat with DMBA (dimethylbenzanthracene). Cells were cultured in DMEM, 10% fetal bovine serum (FBS, Sigma), supplemented with 50 ng/mL insulin (Sigma) and 50 ng/mL hydrocortisone (Sigma).
Monolayer differentiation
For induction of differentiation, confluent LA7 cells were treated with 2% DMSO (Sigma) for 60 h. LA7 cells were harvested with 0.05% trypsin -0.53 mM EDTA (Invitrogen).
Mammospheres generation LA7 cells (1000/mL) were plated in low attachment plates (Bibby Sterilin) in DMEM, 10% FBS, supplemented with 50 ng/mL insulin (Sigma), 50 ng/mL hydrocortisone (Sigma), 25 ng/mL basic Fibroblast Growth Factor (Sigma), 20 ng/mL Epidermal Growth Factor (Sigma), B27 Supplement (Gibco) and 4 ug/mL heparin (BMS, Bristol Myers Squibb). Mammospheres were harvested once a week, using 0.05% trypsin -0.53 mM EDTA. The cell suspension was microscopically analyzed to check for the presence of spheres. Generated spheres were trypsinized again, to have a single cell suspension.
Mammosphere differentiation
Spheres generated from single LA7 cells were harvested and plated onto home-made collagen coated dishes and growth medium. Half of the medium was changed every 2-3 days. After 2 weeks, the differentiated outgrowths were fixed with PBS containing 4% paraformaldehyde (PFA, Sigma).
Collagen preparation
For embedding in collagen gels, LA7 were resuspended on ice in a collagen solution prepared as described previously (Soriano et al. 1995) . Cells were suspended at a density of 1000 cells/mL and 1-mL aliquots were dispensed into 24-mm wells (Nunc, Kampstrup, Roskilde, Denmark). After incubation at 37°C for at least 10 min to allow collagen gel formation, the complete medium was added and changed every 2-3 days.
Matrigel preparation LA7 cells were embedded in Growth Factor Reduced Matrigel (Becton Dickinson). Briefly, cells were suspended in cold Matrigel at a density of 1000 cells/mL in 24-well plates. About 500 lL of complete medium was added after polymerization and half of medium was changed every 2-3 days.
Cell fixation, staining and confocal microscopy analysis Collagen gel cultures were washed twice with PBS and fixed for 10 min with 4% PFA. After extensive rinsing with PBS, the collagen embedded cells were stained for 10 min with Hoechst nuclear dye 33342 (Sigma). Confocal analysis was performed with a Leica confocal microscope. Western blot analysis LA7 cells and rat mammary gland tissue, used as positive control, were lysed on ice using Laemmli buffer (100 mM TRIS pH 7, 200 mM DTT, 20% glycerol, 0.1% bromophenol blue, 4% SDS). About 50 lg of total protein were loaded for each sample onto SDS denaturing poly-acrylamide gels. After transfer to PVDF membrane (GE-Biotechnology), the membrane was incubated with primary antibodies: monoclonal anti-cytokeratin 14 (Sigma), monoclonal anti-cytokeratin 18 (Becton Dickinson), and anti-b casein (Santa Cruz). The following antibodies rabbit anti-goat, goat anti-mouse, and goat anti-rabbit were used as secondary antibodies (all purchased from Santa Cruz).
Results
LA7 cell line has self-renewal ability
Here, we demonstrate that LA7 cells, characterized by a typical epithelial polygonal morphology, can be propagated indefinitely (Fig. 1, panels a, b) . Since recent evidence suggested that the suspension culture method allows for the in vitro propagation of stem cells (Reynolds et al. 1992) , we used the mammosphere suspension culture approach to determine the in vitro self-renewing potential of LA7 cells. We determined the mammosphere formation efficiency, starting from single LA7 cells to be 85%. As in the case of monolayer cultures, LA7-mammospheres could be regenerated indefinitely from cells derived from previously dissociated mammospheres (Fig. 1,  panels c, d) .
We then tested whether LA7 cells can maintain their undifferentiated status grown at monolayer subconfluent cultures or in non-adherent conditions. Moreover, we have analyzed by Western blot the expression of mammary gland cell lineage specific markers. We first determined that LA7 cells cultured as a monolayer and as mammospheres did not express the proteins cytokeratin 14 (marker for myoepithelial cells), cytokeratin 18 (marker for luminal cells) or bcasein (a marker for differentiated alveoli) (Fig. 1 , panel e, lanes 2 and 3 respectively). LA7 cells have tri-lineage differentiation potential and the capacity to generate branched-like structures in 3D culture assays The mammary gland is composed of stem/progenitor cells, and terminally differentiated luminal, alveolar and myoepithelial cells. We investigated the capacity of LA7 cells to terminally differentiate into mammary specific cell lineages. To this aim we treated LA7 confluent monolayer cultures (Fig. 2, panel a) with differentiation-inducers such as DMSO for 48 h and observed the appearance of domes, structures reminiscent of alveoli (Fig. 2, panel b) . The expression of specific markers was assessed by Western blot analysis and it was determined that DMSO-differentiated LA7 cells express cytokeratin 14, cytokeratin 18, and b-casein (Fig. 2, panel c, lane 2) .
Mammosphere differentiation was performed by seeding a single LA7-generated mammosphere onto collagen-coated dishes (Fig. 3) . One day after plating, an outgrowth from a LA7-mammosphere started to form (Fig. 3, panel b) . At day 14 the mammosphere outgrowth revealed branched-like structures reminiscent of tubules (Fig. 3, panels c, d ). The LA7-mammosphere outgrowths were composed of myoepithelial and luminal cells as indicated by cytokeratin 14 and cytokeratin 18 expression (Fig. 3, panel e, lane 3) . When treated with lactogenic hormones, such as prolactin, insulin and hydrocortisone, LA7-mammospheres started to produce milkassociated proteins such as b-casein. These differentiation assays demonstrate that LA7 cells have the differentiation potential to generate all of the cell lineages of the mammary gland and the ability to generate rudimentary branched structures.
LA7 cells have the ability to generate 3D branched duct-like structures that recapitulate morphologically and functionally the ductalalveolar-like architecture of the mammary tree We have shown that LA7 cells can be induced to form branched-like structures in 2D cultures. Consistent with this, a single LA7 cell seeded into a collagen gel, generated 3D tubule-like structures that are characterized with complex ramifications reminiscent of the mammary tree (Fig. 4, panel a) . To determine whether LA7-generated tubule-like structures contained a lumen, we stained LA7 cell nuclei with Hoechst 33342, and with confocal microscopy we found that the nuclear staining clearly outlined the lumen of the tubules (Fig. 4, panel b) . Consistent with this observation, cyst-like and dome-like structures, obtained from LA7 cells, had the capacity for milk protein production (Fig. 4, panels c, d ). Cysts and domes recapitulate certain aspects of alveologenesis in vitro (Zucchi et al. 2002) . Cells obtained from these structures generated from a single LA7 cell were collected and also tested for the expression of cytokeratin 18 and 14 proteins (Fig. 4, panel d , 
Discussion
Accumulating evidence supports the hypothesis that breast cancer might be a cancer stem cell disease. It has been reported that small subpopulations of human primary cells are able to sustain mammary tumor growth in vivo (Al-Hajj et al. 2003) . However, a complete characterization of cancer stem cells is lacking due to the paucity of the stem cells in the mammary tissue, the scarcity of the available human tumor samples and the heterogeneity of the tissue complicating quantitative analysis. Most stem cell enrichment and purification protocols rely on fluorescence activated cell sorting (FACS) or magnetic immunosorting, using sets of antibodies against putative cell surface antigens specific for stem and/ or cancer stem cells. In the case of mammary gland stem cells, the lack of a specific expression signature makes cancer stem cell separation complex, problematic and often inconclusive.
Studies on the highly proliferative subventricular zone of rat embryos demonstrated that neural cells can be clonally propagated in suspension cultures, and can generate spherical colonies, termed neurospheres (Reynolds et al. 1992 ). This experimental system has proven to be an extremely useful tool in neural stem cell biology, for early development studies (Kukekov et al. 1997) , to identify factors involved in cell fate determination and to unravel signaling pathways active in stem and early progenitor cells (Wafford et al. 2001; Zhu et al. 1999; Kawaguchi et al. 2001) . The neurosphere culture is also routinely used now to assess for the enrichment of stem cells (Morshead et al. 1994; Uchida et al. 2000 ) the size of the stem cell population in neural tissue in experiments aiming to investigate the role of Bmi I (Molofsky et al. 2003 ) PTEN (Groszer et al. 2001 ) LIF and Notch (Grandbarbe et al. 2003; Shimazaki et al. 2001) in cell self-renewal. Mammosphere generation was first demonstrated by Dontu et al., where they showed that mammospheres are highly enriched for undifferentiated stem/ progenitor cells. The authors assessed the ability of single cells isolated from mammospheres to generate multi-lineage colonies when cultured in the presence of factors that promote their differentiation (Dontu et al. 2003) . Furthermore, Dontu et al. demonstrated that mammospheres are able to generate colonies that contain all three lineages of the adult mammary gland: myoepithelial, luminal and alveolar cells. Mammospheres contain cells capable of clonally generating complex functional structures in Matrigel and when plated on collagen generated outgrowths with the morphological and cellular characteristics associated with human mammary ductal/alveolar structures.
Here we define a cell suspension culture protocol that allows for a continuous and contiguous propagation of clonally derived LA7 mammospheres. We demonstrated that mammospheres are tripotent, both after monolayer and three-dimensional cell induced differentiation. We also showed that when LA7 cells are embedded in collagen, a mammary gland likearchitecture with branching morphology and hollow ducts can be reconstructed in vitro. Cysts are instead generated when LA7 cells are embedded into Matrigel.
Here we provide a cell model that can be manipulated with relative ease in order to study tumor development generated by a single cancer stem cell. LA7 cells may also represent an efficacious tool for drug discovery and cytotoxic testing of therapeutic agents.
